Introduction 1
Biological invasions are now considered one of the major threats to biodiversity 2 and ecosystem functioning, together with habitat degradation (Mack et al. 2002) . 3
Although exotic species are key components of the economies of several countries 4 (e.g., most crops), they can provoke huge economic losses when they escape human 5 control (e.g., many agricultural pests; Wittenberg (i.e., woodland and urban habitat) were grouped together as a 'patch'. The group of 20 individuals occupying a discrete patch is hereafter referred to as a 'population', 21 connected through dispersal to neighbouring populations. Nearest edge-to-edge 22 distances yielded inter-patch distances. We used highways and main rivers to divide 23 patches close enough to be assigned to the same patch but that would not be easily 24 crossed by squirrels. The carrying capacity of each patch was calculated as the total 25 habitat suitability within the patch (i.e., the sum of habitat values of woodland, 1 residential, suburban, and urban cells). The habitat is extremely fragmented because 2 of small forested patches used for shade or wind curtains in this agricultural 3 landscape. Patches with a carrying capacity (K) < 75 individuals, were absorbed into 4 the dispersal matrix as 'stepping-stone' fragments that facilitate dispersal between 5 permanent local populations. These smaller patches accounted for only 8% of suitable 6 area and their incorporation as independent patches would have vastly inflated the 7 patch matrix without contributing substantially to the metapopulation dynamics. In 8 effect, their inclusion in the matrix of unsuitable habitat gave us a conservative 9 estimate of the expansion rate across a total of 497 suitable patches. 10
Demographic data 11
We modelled the dynamics of the population within each patch with a 12 composite age-structured Leslie matrix, with 3 age classes for each sex: juveniles in 13 their first year of life, yearlings in their second year, and adults in their third year and 14 above. We assumed that: (1) all births in the population take place in a relatively short 15 breeding period in spring, (2) the population is censused immediately before the 16 annual birth pulse, (3) no deaths occur between litters within the reproductive season, 17 and (4) the Leslie matrix applies across all populations. 18 We used mean yearly survival rates, p x , reported by Tamura (2003) for the Bellied Squirrel in Japan, except for the survival rate of adults older than 3 years for 20 which we used a value of 0.3 (Table 1) , influenced by Gurnell (1987) who reported 21 that patterns of survival appear similar among Holartic tree squirrels: once they have 22
achieved their second year of life, year-to-year survival is 50-70 %. The mean number 23 of viable offspring per individual of each age (fecundity, F x ) was calculated as the 24 age-specific offspring production (maternity, m x ) multiplied by the survival of 25 juveniles (p j ) (Akçakaya 2002) . As in most tree squirrels (Gurnell 1987) , the mating 1 system of the Red-Bellied Squirrel is promiscuous. Females care for the young, and 2 each female may mate with 4 to 11 different males while a male can mate with at least 3 6 females within a year (Tamura et al. 1988 (Tamura et al. , 1989 ). In our model we assumed that 4 each male can mate with up to 6 females each year. We also assumed that all females 5 breed each year and that the sex ratio is 1:1 (Yo et al. 1992a ). Females establish their 6 own home ranges when they become sexually mature at about 1 year old, and they 7 may have 1 to 3 litters per year (Tamura et al. 1988 (Tamura et al. , 1989 outputs was explored by varying these estimates by ±10% (Table 1) . 17 Antagonistic behaviours and hierarchies among both male and female Red-18
Bellied Squirrels reportedly influence their habitat use, foraging, and reproductive 19 activities (Tamura et al. 1988 , Yo et al. 1992a , 1992b . We therefore assumed density-20 dependent population growth on all vital rates (mortality as well as fecundity) due to 21 contest competition. 22
Dispersal 23
Dispersal refers to the movement of squirrels between habitat patches. We 24 assumed that dispersal occurs annually and that dispersal rate (i.e., the proportion 25 dispersing from a source population to a target population) was determined by: (1) the 1 distance between the source and the target populations, and (2) estimates by 50% of their value to account for uncertainty ( Table 1) . As some 17 individuals are likely to move beyond this maximum dispersal distance, model 18 predictions were intentionally conservative. We assumed that juvenile males had the 19 highest dispersal rate and that adult females had the lowest rate (Table 1) proportion to the size of the source population (Akçakaya 2002) , using an arbitrary 24 constant of proportionality (Table 1) , which results in a greater proportion of 1 individuals leaving a population at high than at low densities. only available information for the species in Argentina, and provide a useful reference 5 against which to discard significant under-or overestimations of regional occupancy. 6
All of the patches lying within the observed distribution of squirrels in 2004 7 were classified as 'occupied', which yielded 114 km 2 of occupied suitable habitat. 8
The total area predicted to be invaded after 31 years was calculated by adding up the 9 areas of the patches that had an average of at least 5 individuals at the end of the 10 simulation period. The 'simple matching coefficient' (SMC, Krebs 1999) was used to 11 measure the similarity between the observed area of distribution and the area 12 predicted to be occupied by squirrels under the different parameter combinations 13 (Rushton et al. 1997) . To this end, the proportion of pixels with matching predicted 14 and observed occupancy was calculated as: (a+b)/c, where a is the number of pixels 15 predicted and observed to be occupied (positive matches), b is the number of pixels 16 predicted and observed to be unoccupied (negative matches), and c is the total number 17 of pixels of suitable habitat and thus belonging to a patch (matches + mismatches). 18
Prediction of expansion and alternative management scenarios 19
The 2 models that most closely matched the observed spread of squirrels to date 20 were selected to predict the dynamics of invasion over the following 20 years (i.e., 21 over a total simulation period of 51 years up to 2024), under different management 22 scenarios taking effect within the next 10 years. Longer simulation periods were also 23 analysed to address particular questions, such as the year of invasion of Otamendi. 24
The first scenario described a continuation of the present condition of no 1 systematic management. We then simulated 2 control strategies to slow down the 2 expansion of squirrels: (1) increase mortality by removing individuals; (2) decrease 3 available resources of food and refuge by a reduction in patch carrying capacities (see 4 the Discussion for an appraisal of ways to implement these strategies). We simulated 5 the removal of squirrels for 10 consecutive years from 2008 in the form of yearly culls 6 from each population of a small amount more than the maximum sustainable yield 7 (MSY×1.1, where MSY is attained at half carrying capacity under logistic growth). 
Results

21
The habitat suitability map shows the highly fragmented habitat occupied by the 22
Red-Bellied Squirrel in the Pampas region, with contiguous tracts only in the north-23 eastern urbanised area (Fig. 1) (13% of total area). All of these patches had some positive dispersal rate under the set 3 of tested models, indicating some degree of connectivity for all. 4
Validation of the model
5
Medium and high estimates of population growth (λ) overestimated the area of 6 squirrel occupation after the first 31 years, in comparison to the observed distribution 7 of 114 km 2 ( Table 2 ). The congruence of predicted and observed areas was relatively 8 high for the model with low λ, regardless of dispersal distance (SMC = 0.96). The 9 inclusion of density-dependent dispersal increased similarity between observed and 10 predicted areas of occupancy in all models (Table 2) , yielding lowest differences 11 between observed and predicted occupied areas for models 2 and 3 with low λ, and 12 model 4 with medium λ. Since the predictions of models 3 and 4 fell just either side of 13 the observed area, and both had high SMCs, we used these 2 models for predicting the 14 expansion of squirrels into the future. Model 3 yielded slightly conservative projects 15 from low λ combined with a high mean, and low maximum, dispersal distance; model 16 4 slightly overestimated the likely rate of spread from a higher λ combined with low 17 mean and maximum dispersal distances. 18
Prediction of expansion and alternative management scenarios
19
In the absence of control measures, the models predicted expansion to 20 occupancy of 707 to 808 km 2 of suitable habitat in the 20 years following 2004 (Table  21 3) within a total convex polygon of 3,102 to 3,308 km 2 . The area invaded by 2024 22 comprises 63-72% of habitat susceptible to colonisation within the 90x90 km map, 23 including most of the available urban settlements and the forests of the Delta Region 24 with natural and commercial afforestations (Fig. 2) . In particular, the models 1 predicted invasion of the Otamendi Natural Reserve in the next 16 to 24 years ( Table  2 3). Given that the predicted expansion is mainly north-easterly and Otamendi is a first 3 step into the Delta Region in this direction, we selected a priority area (see Fig. 2)  4 where urgent management actions could be conducted to slow or prevent colonisation 5 in this direction, until a long-term strategy can be undertaken with broad consensus. 6
Culling squirrels in this area was at least as effective at delaying their arrival in 7
Otamendi as culling in all patches, and more effective than culling the central area 8 which did not have any delaying effect (Table 3) . Habitat removal to reduce K only 9
shortened the time to reach Otamendi, particularly when applied in the priority area 10 (Table 3) . 11
The models predicted a relatively slow expansion in occupancy during the first 12 34-37 years after liberation in 1973 and then a steep increase in the invaded area (Fig.  13   3a) . This indicates that the spread of squirrels may be at the cusp of an explosive 14 expansion. The rate of spread shows a tendency to increase (Fig. 3b) , though large 15 variations are observed (mean ± SD, model 3: 1.28 ± 1.14 km per year and model 4: 16
± 1.23 km per year). 17
The increase in abundance was rather flat for the first 20 years of exponential 18 growth, and then increased dramatically (Fig. 4) to density-dependent regulation within colonised patches (Fig. 3a and 4b ). Culling and 21 reducing K resulted in broadly similar patterns of predicted abundance, with the 22 former tending to outperform the latter (Fig. 4) . Numbers of squirrels and occupancy 23 area could be significantly diminished by culling each population with a constant 24 harvest for 10 years, though populations would start to recover immediately upon 25 interruption of the harvest (Fig. 4, note (Table 3) . Decreasing the carrying capacity of all or only priority 7 patches has an unwanted effect of increasing the spread rate, such that Otamendi is 8 reached before the no-action scenario (Table 3) . Density-dependent dispersal reduced predicted range expansion when 23 population rate of increase was medium and high but increased predicted spread for 24 low values, and even showed a rescue effect from extinction when lower rates were 25 used (e.g. λ = 1.23, unpublished outputs). These results are consistent with the 1 population regulating effects of density dependence (e.g., Akçakaya et al. 2007 ). The 2 first priority for improving model predictions should be to obtain local and seasonal 3 estimates of reproduction and survival rates in different habitat types (work in 4 progress). 5
One of the principal aims of this modelling approach is to make 6 recommendations based on objective evaluation of the success of alternative control 7 actions. Management measures could be oriented towards mitigating damage, 8 restricting colonization of new areas, regulating abundance, or complete eradication. 9
The probability of achieving the desired result can be evaluated by simulating 10 population responses to different control measures. Our results show that reducing the 11 carrying capacity of the habitat would lower squirrel numbers but an unwanted 12 accelerating spread would lead to a faster colonization of a key conservation area 13 (Otamendi). Non-lethal techniques have a potentially greater efficiency than lethal 14 control, since they avoid the density-dependent consequences that can follow culling, 15 and are likely to be seen as more acceptable in welfare and ethical terms (Barr et al. impede or reduce use of trees and cables), persistence (e.g., nest destruction), and 19 suitability of resources (e.g., pruning trees to thin canopy and reduce suitability for 20 nesting; replace trees used for food and nesting by alternative, less suitable tree 21 species). Regardless of the viability of implementing this action, however, it must be 22 rejected as a viable option because of the predicted acceleration of the invasion front. 23 In contrast, model predictions show that culling squirrels could be an effective 24 measure to restrict invasion and reduce abundance, provided it targets priority areas. 25
Culling all patches would have the largest impact on numbers and range distribution, 1 but implementing such a vast campaign has doubtful feasibility. Culling populations 2 only in central patches could create a vacuum that would rapidly be filled by local 3 growth and dispersal from neighbouring patches. However, concentrating effort and 4 resources in the priority area would delay colonization of Otamendi. This Natural 5
Reserve would be the first step into the Paraná River Delta which hosts a unique and 6 biodiverse region of riparian forests represented by both temperate and subtropical areas may help to reduce some negative effects and slower their spread (Bertolino and 24
Genovesi 2003). 25
Because we seldom understand ecological systems completely, applications of 1 models need to be flexible and management must be able to adapt to new information 2 (Lyman et al. 2002) . Our assessment of the most realistic and effective long-term 3 action is to target culling in priority areas, and to mitigate damage in commercial 4 plantations through local control. It is important that all such operations are closely 5 monitored, and that the predictive models are updated with information on control 6 actions and on vital rates. With more empirical information it will be possible to carry 7 out sensitivity analyses to determine the key variables that drive expansion, which can 8 then guide the collection of future data. 9
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